Sulfated zirconia and Mn-promoted sulfated zirconia (0.5 and 2.0 wt% Mn) catalysts were subjected to mechanical stress. Pressing (10 min 540 MPa), milling (10 min vibrating mill), and grinding (manually, 10 min agate mortar) effected a partial phase transformation from the tetragonal to the monoclinic phase of ZrO 2 . The mechanical stress also reduced the n-butane isomerization rate (1 kPa n-butane, 323-378K, atmospheric pressure) to 30% and less of that measured for untreated catalyst. Standard sample preparation techniques for analytical methods thus alter the structural and catalytic properties of sulfated zirconia. Attempts to correlate data from different methods are futile unless the integrity of the sulfated zirconia is ensured.
Introduction
Sulfated zirconia exhibits an extraordinary activity for the industrially important skeletal isomerization of alkanes; it is already active at low temperatures where the branched isomers are thermodynamically favored. The isomerization of n-butane is catalyzed at temperatures as low as 373 K (1) . The activity of sulfated zirconia can be further promoted by 1-2 orders of magnitude through the addition of transition metal cations, e.g. Fe or Mn cations (2, 3) .
Despite more than 20 years of intense research (4) , the origin of the activity, i.e. the nature of the catalytically active sites has not been identified, equally unknown is the function of the promoters. The influence of certain preparation parameters (e.g., calcination conditions) on catalytic activity, sulfur content, surface area, and phase composition has been established (4) but no convincing structure-activity relationship has evolved.
One point of debate is the role of the bulk phase of ZrO 2 . The room temperature stable phase of ZrO 2 is the monoclinic phase (5), m-ZrO 2 . However, in the usual preparation of ZrO 2 catalysts through calcination of an amorphous hydroxide precursor at 723-923 K, the tetragonal phase, t-ZrO 2 , or mixtures of both phases are obtained. The presence of sulfate increases the fraction of t-ZrO 2 (4) and a stabilizing effect for the tetragonal phase has thus been ascribed to the sulfate. Cationic promoters such as Mn are incorporated into the zirconia lattice and stabilize the tetragonal or the cubic phase (6) (7) (8) . For many years it has been believed that only t-ZrO 2 is catalytically active (9) , but recent work (10) shows m-ZrO 2 to be similarly active. Transformations between the two phases can be triggered through mechanical stress. For pure zirconia, it has been reported that the phase transitions t-ZrO 2 → m-ZrO 2 and m-ZrO 2 → t-ZrO 2 can be achieved by ball milling (11) , and the transition t-ZrO 2 → m-ZrO 2 can be achieved by pressing (12) . There are hints that conditions less forceful than in a ball mill suffice for the t-ZrO 2 → m-ZrO 2 transition (12,13).
Obviously, the zirconia bulk whose role for catalysis is still questionable is a rather dynamic system. Similarly, the large number of sulfate structures published (4) may indicate a very p. 4 dynamic surface. A reason for the "elusive nature" of sulfated zirconia, which has so far prevented identification of an active site, may thus be its dynamic behavior. The system responds to many kinds of treatment, which prompts the question of whether sulfated zirconia is a material so "sensitive" that it becomes difficult to investigate. The aim of this research was to reveal if normal laboratory procedures, as they are used to prepare samples for a certain type of analysis, affect sulfated zirconia catalysts. The focus was on mechanical stress treatments such as milling, grinding, and pressing, and on their effect on the bulk phase composition and the catalytic activity.
Methods
An X-ray amorphous, undoped or ammonium sulfate (5-6 wt% SO 3 The pressing experiments were conducted using flat-surfaced stainless steel tools and a manually operated hydraulic press (Perkin-Elmer). Milling was performed in a vibrating mill (Perkin-Elmer) using 1.5 ml stainless steel capsules, a single ball, and 300 mg of sample. The maximum interval was 30 s, longer milling times were achieved by consecutive intervals.
Grinding was performed manually in an agate mortar.
For X-ray diffraction, the loose powders were mixed 1:1 by weight with sieved α-Al 2 O 3
(through gentle shaking) in order to determine amorphous fractions; the pressed samples were mounted as wafers. Diffractrograms were recorded between 2θ = 5 and 100° in steps of 0.03° p. 5 using a STOE STADI-P-diffractometer, Debye-Scherrer geometry, and Cu Kα radiation. The diffractograms were fitted using PowderCell v2.4 (15) . The fits did not always reproduce the composition of the internal standard mixture correctly, i.e. in some cases crystallization of amorphous ZrO 2 and/or amorphization of crystalline ZrO 2 through the treatment cannot be excluded.
Catalytic tests were run in a fixed bed tubular plug flow reactor, employing 500 mg of catalyst. The samples were activated at 723 K and then cooled to the reaction temperature of 378 K (sulfated zirconia), 338 K (0.5 wt% Mn-promoted sulfated zirconia), or 323 K (2.0 wt% Mn), all in a flow of 50 ml min -1 N 2 . The feed was an 80 ml min -1 flow of a mixture of 1 vol.% n-butane in N 2 at atmospheric pressure. The effluent stream was analyzed by on-line gas chromatography with flame ionization detection.
Results and Discussion
Some of the calcined samples were mixtures of m-ZrO 2 and t-ZrO 2 ; the fraction of m-ZrO 2 for pure zirconia was 75 wt%, for sulfated zirconia <5 wt% (= not detected), and for Mnpromoted sulfated zirconia 8 wt% (0.5 wt% Mn) and <5 wt% (2.0 wt% Mn). Surface areas were checked because the pore system of mesoporous materials can collapse or become inaccessible after mechanical stress in the form of pressing (17) . There were no significant changes to the BET surface area of sulfated zirconia after 10 min milling and of Mn-promoted sulfated zirconia (0.5 wt% Mn) after pressing at 750 MPa for 10 min. The sulfate content was estimated by means of thermogravimetry coupled with mass spectrometry;
the weight loss at about 968 K was attributed to the decomposition of sulfate (evolution of SO 2 ). The weight loss was 4.6 % for the unmilled sulfated zirconia and 4.2 % for the 10 min milled sulfated zirconia. As there are results indicating that only a fraction of the sulfate actually contributes to the catalytic activity (18, 19 ) the significance of this difference remains to be clarified.
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Catalytic tests focused on untreated, ground, or milled samples because these materials could be tested as fixed powder beds without further sample manipulation. Fig. 2 shows the isobutane production rate as a function of time on stream for untreated and mechanical stress treated sulfated zirconia (top, milling) and 0.5 wt% Mn-promoted sulfated zirconia (bottom, grinding). In both cases the catalytic performance was severely reduced after the treatment.
Milled sulfated zirconia passed through an induction period similar to the one observed for its unmilled state but the maximum isobutane formation rate was only about 25% of its value for untreated sulfated zirconia. Ground Mn-promoted sulfated zirconia (0.5 wt% Mn, 19 wt% mZrO 2 ) was characterized through a prolonged induction period and lack of a pronounced maximum in the conversion; the isomerization rate was never more than 30% of values measured for the untreated catalyst. The initial maximum isobutane conversion of 2 wt% Mnpromoted sulfated zirconia was similarly reduced by milling; the long term activity (>2 h) remained unaffected. Mechanical stress not only converts the metastable tetragonal phase of ZrO 2 into the thermodynamically stable monoclinic phase, but in sulfated zirconia based catalysts, concomitantly reduces the alkane isomerization activity.
For many experiments it is necessary or common practice to press powders, e.g. in order to produce particles of a certain size for a catalytic test, to produce a wafer or pellet for transmission spectroscopy, or to avoid uncontrolled distribution in a vacuum environment.
Equally, grinding is often used to homogenize samples or to mix them with standards or diluents. Particularly in situ experiments often require such sample preparation techniques.
Our results demonstrate that all these "standard laboratory practice" treatments alter not only the structural, but also the catalytic properties of sulfated zirconia catalysts. The sensitivity towards mechanical stress renders investigation of sulfated zirconia catalysts difficult and explains why the system has so far escaped fundamental understanding. 
